F
unctional and morphological relationships between primary afferent neurons and blood vessels during cancer development are poorly understood. However, recent evidence suggests that physical and biochemical interactions between these peripheral components are important to both tumor biology and cancer-associated pain (1) . Postnatal neovascularization occurs through (i) capillary sprouting of resident endothelial cells (EC), angiogenesis; (ii) arteriogenesis; and (iii) vasculogenesis, a process thought to be peculiar to the embryo but possibly observable also in adults (2, 3) . It is widely known that the neuronal system plays a fundamental role in the maturation of primitive embryonic vasculature. Mutations that disrupt peripheral sensory nerves or Schwann cells prevent proper arteriogenesis, whereas those that disorganize the nerves maintain the alignment of arteries with misrouted axons (4) . It has also been reported that sensory neurons modulate the expression of arterial markers on ECs via the secretion of vascular endothelial growth factor (VEGF) 164/120. These data suggest that during development, peripheral nerves have a role in determining the organ-specific patterns of blood vessel branching and arterial maturation (5) . Furthermore, some neuronal factors such as Notch and neuropeptide Y were reported to have roles in tumor-associated angiogenesis (6, 7) .
Pain is the most disruptive influence on the quality of life (QOL) of cancer patients (1) . Primary afferent sensory neurons exhibit a significant role in which sensory information from peripheral tissues is transmitted to the spinal cord and brain. The cell bodies of the sensory nerve fibers that innervate the head and body are located in the trigeminal ganglia and dorsal root ganglia and can be divided into two main categories: myelinated A-fibers, and thinner unmyelinated C-fibers. Thin sensory fibers, C-fibers and A␦-fibers, are specialized sensory neurons known as nociceptors, the main function of which is to detect environmental stimuli. Nociceptors express a diverse repertoire of receptors and transduction molecules that can sense forms of noxious stimulation (thermal, mechanical, and chemical) with varying degrees of sensitivity (8) .
In addition to cancer cells, tumors consist of stromal tissues including adjacent primary afferent nociceptors. Cancer cells and stromal cells release a variety of products, such as ATP, bradykinin, H ϩ , nerve growth factor, prostaglandins, and VEGF, which either excite or sensitize the nociceptor (1). Painful stimuli are detected by the nociceptors, the cell bodies of which lie in the dorsal root ganglion (DRG), and are transmitted to neurons in the spinal cord. The signal is then transmitted to the higher centers of the brain. Nociceptor activation results in the release of neurotransmitters, such as calcitonin gene-related peptide (CGRP), endothelin, histamine, glutamate, and substance P (1). These sensory nerve-derived mediators have vasodilating actions, and as a result of these, the blood supply to the tumor tissues may be increased.
CGRP, a 37-amino acid neuropeptide, has various biological actions, including responses to sensory stimuli, cardiovascular regulation, and vasodilation (9) . Recent studies using genetically engineered mice have shown that CGRP-knockout mice exhibit increased blood pressure (10) . CGRP is synthesized by sensory C-fibers throughout the respiratory tree and potently constricts airway smooth muscle (11) . The tissues contained considerably more CGRP than another neuropeptide, substance P (12, 13). We reported that CGRP also exhibited important roles in the gastrointestinal tract (14, 15) . Maintenance of gastric mucosal integrity is highly dependent on the alarm systems that can rapidly sense the harmful chemical or mechanical stimuli to which the mucosa is exposed. The gastrointestinal tract is known to be rich in neuronal systems, among which afferent neurons of extrinsic origin are reported to operate as an emergency protective system (16) . The functions of these afferents sensitive to chemicals are reported to be mediated by CGRP released in the gastric mucosa (16, 17) . It was reported that a neuropeptide, substance P, had a proangiogenic activity (18) , although the details of the mechanism of this proangiogenic activity were not studied precisely. It was reported that CGRP regulates the expression of VEGF in human HaCaT keratinocytes by activation of ERK1/2 MAPK (19) and that CGRP expression and neoangiogenesis are intensified in mixed invasive-preinvasive breast lesions of carcinoma (20) . These suggested that CGRP may regulate tumor-associated angiogenesis.
In the present work, we first tested whether or not CGRP could enhance angiogenesis in vitro. To test the proangiogenic activity in vivo, we have developed a strain of knockout mice in which the genes for CGRP are disrupted (CGRP Ϫ/Ϫ ) (10). The present work, using these mice, can therefore address the important roles of endogenous CGRP in enhancement of tumorassociated angiogenesis when CGRP release was stimulated. Further, we clarified whether or not CGRP released as a result of axon reflex of primary afferent neurons could enhance tumor-associated angiogenesis. The present work addresses the significance of CGRP as a target for solid tumor treatment and provides the concept that the blockade of primary afferent neurons may be of benefit not only in the prevention of cancer pain but also in the inhibition of tumor-associated angiogenesis that is indispensable to tumor growth.
Results and Discussions
Proangiogenic Activity of CGRP. We tested first in the present study whether CGRP exhibits or not the proangiogenic activity in an in vitro culture model [supporting information (SI) Calcitonin Gene-Related Peptide CGRP Tube Formation and Fig. S1 ]. CGRP exhibits the tube formation activities when determined using human umbilical vein endothelial cells (HUVECs) cocultured with fibroblasts. We further verified with the surgical sponge model that CGRP has a significant role in angiogenesis in vivo (CGRP and Angiogenesis, in SI Text and Fig. S2 ). Sciatic unilateral and bilateral denervations suggested that the factors from neuronal systems including CGRP have a proangiogenic activity. Reduced angiogenesis in CGRP Ϫ/Ϫ suggested that endogenous CGRP has a significant role in enhancement of angiogenesis.
Reduced Tumor-Associated Angiogenesis and Tumor Growth in CGRP ؊/؊ . To elucidate the significance of roles of CGRP supplied from the host, Lewis lung carcinoma (LLC) cells were implanted into the dorsal s.c. tissues in wild-type (WT) and CGRP Ϫ/Ϫ . When tumor mass was determined (Fig. 1A) , tumor growth in CGRP Ϫ/Ϫ after day 7 was significantly reduced compared with that in WT. The reductions in tumor volume in CGRP Ϫ/Ϫ were also seen 11 days and 14 days after implantation. Fourteen days after implantation, neovascularization in CGRP Ϫ/Ϫ assessed under histologic examination was suppressed compared with that in WT (Fig. 1B) . When tumor growth in CGRP Ϫ/Ϫ mice infused with CGRP continuously (0.2 nmol/h) using miniosmotic pumps was estimated, CGRP supplementation certainly enhanced tumor growth (Fig. 1C) . Quantitative analysis of microvessel density (MVD) and microvessel area (MVA) revealed that tumor-associated angiogenesis in CGRP Ϫ/Ϫ was significantly reduced in comparison with that in WT 14 days after implantation ( Fig. 1 D and E) . These results suggested that endogenous CGRP derived from the host has a significant role in tumor-associated angiogenesis and tumor growth.
Effects of Continuous Infusion of a CGRP Antagonist on Tumor Growth
and Tumor-Associated Angiogenesis. When LLC cells were implanted s.c. to WT, gradual tumor growth was observed, as shown in the open columns in Fig. 2A . Subcutaneous infusion of a CGRP antagonist, CGRP8-37, or vehicle solution with miniosmotic pumps from 1 day before tumor implantation suppressed tumor growth for 12 and 14 days after LLC implantation when substantial tumor growth was observed in vehicle-infused WT (Fig. 2 A) . Histologic examination 14 days after implantation revealed that neovascularization was observed predominantly in the stroma of the implanted tumors and that that in CGRP antagonist-treated mice was suppressed compared with vehicletreated WT ( Fig. 2B ; arrowheads indicate newly formed blood vessels). In the histologic samples isolated from the tumors 14 days after implantation, the determined MVD and MVA were reduced in CGRP antagonist-treated WT compared with those in vehicle-infused WT ( Fig. 2 C and D) . These findings indicate that the results from CGRP Ϫ/Ϫ were essentially the same as those performed in the present experiment using a CGRP1 antagonist. Results from the CGRP-KO mice (red column) were compared with those of WT (blue column) and are mean Ϯ SEM from 10ϳ13 animals. Student's t test was used. * , P Ͻ 0.05. CGRP1 signaling is known to activate adenylate cyclase to increase intracellular cAMP levels and enhances VEGF expression and angiogenesis in a sponge model (21) . The intracellular cAMP levels may synergistically enhance the angiogenesis induced by prostaglandins because proangiogenic prostaglandin receptor signaling is closely related to the elevation of cAMP (21) .
Effect of Sciatic Nerve Denervation on Tumor Growth and TumorAssociated Angiogenesis. Next we examined the source of endogenous CGRP that facilitates tumor-associated angiogenesis. To block release of the CGRP delivered by axonal transport from the peripheral neurones, we cut the sciatic nerves at the distal parts from the sciatic dorsal ganglions in WT. Seven days after the operation, LLC cells were implanted s.c. at the denervated site. Growth of the tumor in the denervated site (Fig. 3A) was suppressed compared with that in the sham-operated site. Fourteen days after implantation, neovascularization in denervated WT was suppressed compared with that in the sham-operated WT (Fig. 3B) . Quantitative analysis of MVD and MVA as markers for angiogenesis revealed that tumor-associated angiogenesis in denervated WT was significantly reduced compared with that in sham-operated WT (Fig. 3 C and D) . These results suggested that CGRP released from the peripheral nerve endings may stimulate the proangiogenic activities. Axon reflex is an event that was brought about by the passage of nerve impulses from sensory nerve endings to the effector organ along divisions of the nerve fibers without traversing a synapse (22) . Axon reflex elicited by nociceptive stimulation may be closely related to the increased release of CGRP from nerve endings. It has been suggested that the axon reflex in human skin is a response neurally mediated by C-fiber nociceptors, which have been shown to stimulate vasodilatation via the release of CGRP and substance P (23) . The present results suggested that axon reflex-mediated CGRP release may be a key event involved in facilitation in tumor-associated angiogenesis. The interesting phenotype of tumors seen during blockade of CGRP or CGRP release was the reduced formation of stromal tissues (Figs. 1B,  2B , and 3B). Because the stromal cells may be derived from bone marrow, it is plausible that CGRP regulates some signaling relevant to the recruitment of stromal cells. This may become a target for controlling tumor-associated angiogenesis.
Effects of Sciatic Nerve Denervation on Pro-CGRP mRNA Levels in
DRGs in Tumor-Bearing Mice. To investigate increase in CGRP release during tumor growth, we determined the mRNA levels of pro-CGRP, a precursor of CGRP, in DRGs (L 1-5 ) in tumorbearing WT because CGRP was reported to be up-regulated, and the pro-CGRP mRNA levels in the DRGs rose in the case of peripheral inflammation (24, 25) . As Fig. 3E shows, tumor implantation to the area innervated by L 1-5 resulted in the increased expression of pro-CGRP in sham-operated WT compared with that in sham-operated WT without tumor implantation. By contrast, when sensory nerves were cut at the distal site of DRGs, tumor implantation did not increase the expression of pro-CGRP in DRGs even with LLC tumors. These findings suggested that tumor implantation up-regulated pro-CGRP in the DRGs innervating the area of implantation and increased CGRP release and that CGRP was synthesized in the neuronal systems and was delivered to the periphery of the nerves innervating the sites where tumors grow. When inflammation was induced, CGRP was reported to be up-regulated, and the pro-CGRP mRNA levels in the DRGs that innervate the sites of inflammation rose (24, 25) . This may have been caused by the increased release of CGRP that was stimulated by the implanted tumors. The present findings suggested that tumor implantation up-regulated pro-CGRP in the DRGs that innervated the area of tumor implantation and that the element responsible for tumor angiogenesis may be primary afferent neurons that can sense the nociception.
Expressions of Growth Factors in Tumor Stromal Tissues in CGRP-
Knockout Mice. When LLC cells were implanted in WT, daily administration of VEGF receptor tyrosine kinase inhibitor ZD6474 for 2 weeks suppressed the growth of tumors markedly (Fig. 4A) , suggesting that the LLC tumor growth observed in the present study was highly dependent on the VEGF expressed. The same was true in tumor-associated angiogenesis (Fig. 4B) . Real-time PCR analysis on VEGF in tumor tissues including stroma revealed the significant reduction in VEGF mRNA levels in CGRP Ϫ/Ϫ (Fig. 4C) . The expressions in bFGF, CTGF, and TGF-␤ were not significantly reduced in CGRP-knockout mice (Fig. 4 D-F) . Immunohistochemical localization of VEGF shows that the expression of VEGF in the surrounding stromal tissues isolated 2 weeks after implantation was markedly suppressed in CGRP Ϫ/Ϫ (Fig. 4G) , although that in tumor cells was not different between WT and CGRP Ϫ/Ϫ . These results taken together suggested that the downstream molecule relevant to CGRP-dependent enhancement of angiogenesis is VEGF. CGRP, a 37-amino acid neuropeptide, has various biological actions, including responses to sensory stimuli, cardiovascular regulation, and vasodilation (9) . Recent studies using genetically engineered mice have shown that CGRP-knockout mice exhibit increased blood pressure (10) . CGRP is synthesized by sensory C-fibers throughout the respiratory tree and potently constricts airway smooth muscle (11) . The tissues contained considerably more CGRP compared with substance P (12, 13) . We reported that CGRP also exhibited important roles in the gastrointestinal tract (14, 15) . Maintenance of gastric mucosal integrity is highly dependent on the alarm systems that can rapidly sense the harmful chemical or mechanical stimuli to which the mucosa is exposed (16) . The gastrointestinal tract is known to be rich in neuronal systems, among which afferent neurons of extrinsic origin are reported to operate as an emergency protective system (16) . The functions of these afferents sensitive to chemicals are reported to be mediated by CGRP released in the gastric mucosa (16) .
It was reported that a neuropeptide, substance P, had a proangiogenic activity (18) . We showed here that another neuropeptide, CGRP, certainly has tube-forming activity in coculture systems, although the potency of CGRP was less than that of VEGF, the most potent inducer of angiogenesis (Fig. S1 A) . Because VEGF-neutralizing antibody suppresses CGRPinduced tube formation (Fig. S1 A) , VEGF may work as a downstream molecule. These results were consistent with the previous reports using human HaCaT keratinocytes (19) and breast cancer cells (20) . In the present experiment, we can also show that CGRP exerts a crucial action in enhancement of angiogenesis ( Figs. 1 and 2) . Further, CGRP relevant to tumorassociated angiogenesis may be derived from the neuronal systems judging from the results from denervation experiments (Fig. 3) .
Cancer pain is a critical determinant of the patient's QOL. The negative impact that cancer pain has on QOL cannot be overestimated. Because advances in cancer detection and therapy are extending the life expectancy of cancer patients, there is an increasing focus on improving patients' QOL. For many patients, pain is the first sign of cancer, and 30-50% of all cancer patients will experience moderate to severe pain (26) . Cancer can cause pain at any time during its course, but the frequency and intensity of pain tend to increase during the advanced stages. In fact, 75-95% of patients with metastatic or advanced-stage cancer will experience significant amounts of cancer-induced pain (27) . Neuronal system-derived CGRP was believed to promote tumor growth by vasodilatation to increase the supply of nutrients for tumors (1) . But, as described in the present work, CGRP may increase the density of the newly formed blood vessels as a result of angiogenesis, which may be an activity of the neuropeptide CGRP.
In conclusion, we demonstrated that CGRP exerts a crucial action in enhancement of angiogenesis. We found that the tumor growth and tumor-associated angiogenesis of implanted LLC cells in CGRP-knockout mice were significantly reduced compared with WT mice. CGRP8-37 can block the tumorassociated angiogenesis and tumor growth, indicating that the development of CGRP receptor antagonists is highly promising. CGRP relevant to tumor-associated angiogenesis may be derived from the neuronal systems judging from the results from denervation experiments in which the sciatic nerves and the femoral nerves were cut. VEGF expression was upregulated in the tumor implantation models in a CGRPdependent manner, suggesting that VEGF is a downstream molecule of CGRP signaling. These results taken together indicate that CGRP released from the neuronal systems facilitates tumor-associated angiogenesis and tumor growth and that CGRP together with neuronal system blockade may become a therapeutic target for cancers. If the present results can be extrapolated to the human cancers, some drugs against pain or anesthesia therapy on cancer patients certainly decrease tumor growth in vivo via suppression of CGRP system. This possibility will provide a conceptional advance in cancer treatment.
Materials and Methods
Estimation of Angiogenesis in Tumor Implantation Models. LLC cells (1 ϫ 10 6 cells per mouse) were implanted in CGRP Ϫ/Ϫ and WT mice as reported (28) . A CGRP antagonist, CGRP8-37 (Peptide Institute) in the physiological saline was infused into (2 nmol/h) the s.c. tissues of the backs of mice by using osmotic pumps (Alzat). The delivery rate was 0.25 l/h, and the mice received an antagonist every few days for 14 days. One day after the operation, LLC cells were implanted in the vicinity of the osmotic pumps. In some CGRP Ϫ/Ϫ , CGRP was infused with the same pumps (0.2 nmol/h). The left sciatic nerve distal to the DRG was removed as described above. Seven days after the unilateral axotomy, LLC cells were implanted, and the growth and angiogenesis were observed as stated above.
Denervation of Sciatic Nerves. Unilateral or bilateral denervation of the sciatic nerve was performed in mice under pentobarbital sodium anesthesia (25 mg/kg). The sciatic nerve was exposed through a gluteus muscle incision, and 5 mm of the sciatic nerve distal to the DRG was removed. The operated region was marked with a polypropylene suture (6-0; Ethicon) with the aid of an operating microscope. Sham-operated mice were prepared as controls with the same operation but without the sciatic nerve axotomy.
Determination of Pro-CGRP mRNA Levels in DRGs in Real-Time PCR. The medulla spinalis was removed, and the DRGs of the L1-5 levels were isolated. DRG tissues were homogenized in 1 ml of TRIzol reagent (GIBCO). A sample of RNA was extracted from the tissue according to the manufacturer's instructions. Real-time PCR was performed as reported (28) . The oligonucleotide primers were as follows: for pro-CGRP, 5Ј-CCCCAGAATGAAGGTTACACA-3Ј (sense) and 5Ј-TGTCAAAGGGAGAAGGGTTTT-3Ј (antisense); for GAPDH, 5Ј-CCCT-TCATTGACCTCAACTACAATGGT-3Ј (sense) and 5Ј-GAGGGGCCATCCA-CAGTCTTCTG-3Ј (antisense).
Determination of MVD. MVD in the most intensely neovascularized areas (hot spots) was assessed as a parameter of tumor-associated angiogenesis according to the established methods described in ref. 28 .
Determination of mRNA Levels of Growth Factors in Tumor Stromal Tissues by
Using Real-Time PCR. The sample tissues were taken from mice killed with an excess dose of ether. The tissues were homogenized in 1 ml of TRIzol reagent. Real-time PCR was performed as described above. The oligonucleotide primers were as follows: for VEGF, 5Ј-CCCCAGAATGAAGGTTACACA-3Ј (sense) and 5Ј-TGTCAAAGGGAGAAGGGTTTT-3Ј (antisense); for bFGF, 5Ј-CCCCAGAAAAT-GAAGGTTACACA-3Ј (sense) and 5Ј-TGTCAAACCGAAGGAGAAGGGTTTT-3Ј (antisense); for CTGF, 5Ј-CCCCAGAATGAGGAGGTTACACA-3Ј (sense) and 5Ј-TGTCAAAGGGAGAAAGGGTTTT-3Ј (antisense); for TGF-␤, 5Ј-CCCCAGAAT-GAAGGGTTACACA-3Ј (sense) and 5Ј-TGTCAAAGGGAGAAAGGGTTTT-3Ј (antisense); and for GAPDH, 5Ј-CCCTTCATTGACCTCCAACTACAATGGT-3Ј (sense) and 5Ј-GAGGGGCCATCCACACGTCTTCTG-3Ј (antisense).
H&E Staining and Immunohistochemistry. Tumor tissues including stroma were immediately fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4), dehydrated with a graded series of ethanol solutions, and embedded in paraffin. For immunostaining, the sections were first exposed to dilute normal horse serum and then incubated with rabbit antiserum to mouse VEGF (Santa Cruz Biotechnology). Immune complexes were detected with a Vectastain ABC kit (Vector Laboratories).
Statistical Analysis. Data are shown as mean Ϯ SEM. The statistical difference between the two groups was examined by using Student's unpaired t test after confirming that the variance of data was not heterogeneous. Multiple comparisons were performed by using one-way ANOVA with Bonferroni's correction. P Ͻ 0.05 was considered to be statistically significant.
